The famous gedanken experiments of quantum mechanics, some of which have been turned into real experiments, have played crucial roles in trying to understand quantum mechanics and in developing the Copenhagen interpretation. In this paper, I re-examine these gedanken experiments from the perspective of rigorous quantum mechanics, without a mix of any ontological interpretation. It is shown that, in most of these gedanken experiments, entanglement plays a crucial role, so they are indeed typical manifestations of quantum mechanics. However, the buildup of an entanglement does not change the uncertainties. Moreover, even if momentum exchanges are involved, the loss of interference is only due to the entanglement with other degrees of freedom, while the idea that a momentum kick destroys interference is wrong. The Copenhagen interpretation is based on a mis-interpretation of the uncertainty and uncertainty relation, and confuses entanglement with local interaction.
I. INTRODUCTION
From 1927 to 1935, shortly after the construction of the basic formalism of quantum mechanics, there appeared several ingenious gedanken experiments, culminating in Einstein, Podolsky and Rosen (EPR) experiment 1, 2 , which has received central attention in modern times, with entanglement 3 appreciated as the key concept. Here we show that entanglement 1 also plays a crucial role in other gedanken experiments, such as the gamma ray microscope 4,5 ,
Einstein's single-particle diffraction and recoiling double-slit 6, 7 . Especially, we shall expose that the buildup of entanglement does not change the uncertainties of the observables from the original ones. As will be explained, the recoiling double-slit actually cannot work as a which-way tag, but Feynman's electron-light scattering scheme 8 is equivalent in that the which-way tag is a momentum. It is shown that, even in such a case where momentum exchanges are involved, the loss of interference is only due to the entanglement, in the same manner as in the case where the which-way tag is a degree of freedom other than mechanical ones 9, 10 . The idea that a momentum kick destroys the interference is not only unnecessary, but is wrong. The scientific part of the Copenhagen interpretation of quantum mechanics (CI), including its ontological version of the uncertainty relation (UR), based on the so-called "finite and uncontrollable interaction between the object and the measuring instrument" and developed largely through the analyses of these gedanken experiments 6, 7, 11 , is seen as actually disproved.
Seventy years' practice tells us to distinguish quantum mechanics itself, as a selfconsistent mathematical structure, from any ontological interpretation. The sole probability interpretation can well be related to observation, namely, the frequencies of different results of an ensemble of identically prepared systems. Whether there is more to say on an ontology, or what it is, is another issue. Furthermore, to recognize ontological interpretation that was mixed with quantum mechanics itself for historic reasons is the first step in looking for the correct one. Unfortunately, the Copenhagen school's ontological version of UR is still adopted as a conceptual foundation in many textbooks, and Bohr's analyses of the famous gedanken experiments is still widely accepted. It is widely appreciated that Bohr was right while Einstein was wrong in their debate although this opinion is far from truth.
II. UNCERTAINTY RELATION AND PHOTON BOX EXPERIMENT
We now understand that the momentum-position UR, 2 ∆x∆p ≤h/2,
is but an example of the general relation
where A and B are two operators, [ (2) . Thus the UR is only a consequence of the formalism of quantum mechanics, rather than a basic postulate or principle. It has nothing to do with the accuracy of measuring instrument, nor with the disturbance between incompatible measurement, which are performed on different, though identically prepared, systems. Historically it was discovered after the construction of matrix and wave mechanics, and Born's probability interpretation. Heisenberg's original paper did contain a mathematical derivation consistent with the correct meaning though only for a special wavefunction, but an ontological interpretation was given and was more emphasized on 4, 5 . In Copenhagen school's version 4,5 , it is vague whether an UR is an equality or an inequality, and an uncertainty is interpreted as the objective absence or the absence of exact knowledge of the value of the physical quantity at a given moment, while UR is understood as that determination of the precise value of x causes a disturbance which destroys the precise value of p, and vice versa, in a single experiment. This version of UR was justified by the analyses of the famous gedanken experiments, and is often regarded as a conceptual foundation in teaching and learning quantum mechanics. Now we know that there does not exist an energy-time UR 13 . I add some arguments as follows. In Bohr's derivation 5, 6 , one obtains an approximate equality through the relation between the frequency width and the time duration of a classical wave pulse, or transforms the momentum-position UR by equating the energy uncertainty with the product of the momentum uncertainty and velocity, and incorrectly equating time duration with the ratio between the the position uncertainty and the velocity. Therefore, they provide nothing but a trivial dimensional relation. A later justification was from transition probability induced by a perturbation 14, 15 . For a system consisting of two parts, between which the interaction is a time-independent perturbation, the probability of a transition of the system after time t, from a state with energies of the two parts being E and ǫ to one with energies E ′ and ǫ ′ , is proportional to sin
Thus the most probable
This is correct, but it has nothing to do with the uncertainty relation, and it is inappropriate to interpret the change of the most probable value of energy as the uncertainty, and the above relation as a general relation for measurement, with the two parts interpreted as the measured system and the measuring instrument. In fact, the relation obtained in this way must be an equality withh and cannot be an inequality, since the transition probability oscillates rapidly with
it is 2h, the transition probability is zero.
In most of the gedanken experiments discussed by Bohr, the energy-time UR was touched on only as a vague re-expression of the momentum-position UR. It was focused on only in the photon box experiment, put forward by Einstein in sixth Solvay conference 6 . Consider a box filled with radiation and containing a clock which controls the opening of a shutter for a time T . The box is weighed by a spring balance. By gravitational redshift, the displacement δq implies a change of time δT = gT δq/c 2 , where g is the gravitational constant, c is the light velocity. Bohr confused δq with the uncertainty ∆q. The momentum change δp=mgT , where m is the mass, was confused to be ∆p=∆mgT , where ∆p and ∆m are uncertainties.
With these two confusions, the momentum-position UR leads to ∆(mc 2 )δT ≤h/2. Even the result is problematic; it is simply the time duration, not a δT , that appears in the anticipated energy-time uncertainty relation. In conclusion, Bohr's analysis is no more than giving dimensional relations. Although we need not go further, it may be noted that the 4 quantum state of the system entangles the state of the box and the photons inside it with the state of the outside photons.
III. GAMMA RAY MICROSCOPE EXPERIMENT.
Being put forward during the introduction of UR, the gamma ray microscope experiment considerably influenced the formation of CI. Heisenberg's original analysis 4 was found to be incorrect by Bohr. The standard approach of Copenhagen school is as follows 5, 7 . Consider an electron near a point O under the center of a lens. It is observed through the scattering of a photon of wavelength λ, thus the resolving power of the microscope gives an uncertainty of any position measurement, ∆x ∼ λ/(2 sin Θ), where x is parallel to the lens, 2Θ is the angle subtended by the aperture of the lens at O. For the electron to be observed, the photon must be scattered into the angle 2Θ, correspondingly there is a latitude for the electron's momentum after scattering, ∆p x ∼ 2h sin Θ/λ. Therefore ∆x∆p x ∼ h.
A rigorous quantum mechanical approach can be made for a general situation. The account is totally different from the views of Bohr and Heisenberg. Suppose the state of the electron before scattering is |Φ 0 = ψ(r)|r dr = ψ (p)|p dp.
After the electron is scattered by the photon, they become entangled, with the state
where C(θ) represents coefficient, |θ ph represents that the photon is on the direction θ, |Φ(θ) is the corresponding state of the electron, which may be further expanded in momentum or position representation as
where δp(θ) is the momentum change of the electron due to the scattering. An interesting feature here is that after θ is determined by the detection of the photon, the electron is 
IV. DETECTION OF A DIFFRACTED PARTICLE
At the Fifth Solvay conference, Einstein considered the diffraction of a particle from a slit O to a hemispheric screen 7 . He declared that if the wavefunction represents an ensemble of particles distributed in space rather than one particle, then |ψ(r)| 2 expresses the percentage of particles presenting at r. But if quantum mechanics describes individual processes, |ψ(r)| combined system evolutes from the product of those of the particle and the screen into an entangled state
where |r is the position eigenstate of the particle on the screen representing its presence at r, |d r is the corresponding eigenstate of the screen. The measurement result of the position of the particle on the screen is described by a classical ensemble, with the diagonal density matrix
von Neumann postulated that in addition to the unitary evolution, there is a nonunitary, discontinuous "process of the first kind" 16 , which cancels the off-diagonal terms in the pure-state density matrix |Ψ Ψ|, leaving a diagonal reduced density matrix ρ r = |ψ(r)| 2 |r r||d r d r |dr, which implies ρ p . Equivalently the projection postulate may also apply directly to the particle state to obtain (7).
In the environment induced decoherence approach 17 , one considers entanglement with the environment which represents the uncontrolled degrees of freedom, so that ρ r is obtained by tracing over the environment states. Whether or not this is the final answer, it turns out that the unitary evolution may account for all physical processes, and the projection postulates may be regarded as only an effective way of calculation. I stress that the classical behavior of a degree of freedom is due to entanglement with other degrees of freedom.
Instead of addressing the event on the screen, Bohr discussed the correlation between the particle and the diaphragm using his version of UR 6 . The size of the hole was recognized as the position uncertainty of the particle, while the uncertainty of its momentum along the diaphragm was thought to be pθ, where p is the momentum of the particle toward the diaphragm, θ is the angular radius of the central maximum of the diffraction pattern measured at the hole. For the energy-time UR to be applicable, he also considered a case in which the hole is controlled by a shutter, completely changing the situation. The essential result is no more than a dimensional relation, which is trivially correct. This trivial correctness might be a reason why the mis-interpretation of UR was not fully appreciated. Einstein's problem was conceived as to what extent a control of the momentum and energy transfer can be used for a specification of the state of the particle after passing through the hole. This is a misunderstanding: even if the position of the particle on the the diaphragm is specified, the particle still has nonzero position wavefunction at every point on the screen after arrival;
what is lost is only the interference effect.
V. RECOILING DOUBLE-SLIT.
To explain how interference disappears, Bohr turned to the recoiling double-slit arrangement 6,7 . Consider identically prepared particles which, one by one, are incident on a diaphragm D with two slits, and then arrive at a screen. Einstein argued against UR as follows. If D is movable, e.g. suspended by a weak spring, then the position of the particle in passing through the diaphragm can be measured, since the momentum imparted to D depends on which slit the particle passes through. On the other hand, the momentum of the particle can be measured through the interference pattern. Bohr argued that the two paths' difference of momentum transfer, pθ, where θ is the angle subtended by the two slits at the final position at the screen, corresponds to a position latitude, determined by UR as λ/θ, which equals the width of the interference fringe. Therefore determination of which path the particle passes destroys the interference. (There is a defect in Bohr's calculation. In the situation considered by him, the incident particles come from single-slit, whose distance to the double-slit equals that between the latter with the screen. Thus the two paths' difference of momentum transfer should be 2pθ.) Bohr commented 6 :
"We have here to do with typical example of how the complementary phenomena appear under mutually exclusive experimental arrangements and are just faced with the impossibility, in the analysis of quantum effects, of drawing any sharp separation between an independent behavior of atomic objects and their interaction with the measuring instruments 8 which serve to define the conditions under which the phenomena occur."
The purpose of letting the diaphragm movable was to provide a which-way tag. But to be "movable" or not actually only makes a quantitative difference in the weight of the diaphragm, thus this which-way tag must be fake! Indeed, that the particle may possibly be found in different places on the screen is not because of the collision with the diaphragm, but is due to intrinsic randomness of quantum state, that is, there are nonzero probability amplitudes, i.e. propagators G(r, t; r 0 , t 0 ), for different initial positions r 0 at an initial time t 0 , and different final positions r at a final time t. The momentum of the diaphragm cannot be entangled with the position of the particle in passing through the slits, thus the diaphragm cannot be a which-way tag. Also note that to specify a path, both the position on the diaphragm and the position on the screen need to be determined. Therefore the so-called which-way tag can only decide the position on the diaphragm and thus destroys the interference, but actually cannot specify the complete which-way information. If there is no screen, even though the position of the particle in passing through the diaphragm is determined, its state afterwards is still a superposition of different paths. Scully et al.
proposed using laser cavity as the which-way tag for an atomic beam, thereby finding that the loss of interference is lost without a local mechanical disturbance 9 . Recently this proposal was experimentally realized by using the internal electronic state of the atom as the which- We make a rigorous analysis generally applicable to single-slit diffraction and many-slit interference. The state of the particle at t 0 ,
can be expressed as
where
with the integral over the slit(s), represents the part of the state which is diffracted by the slit(s); |other, t 0 represents the rest. Note that Ψ (t 0 )|Ψ(t 0 ) ≤ 1, but there is no problem in defining quantum mechanical average and uncertainties in such a state. Of course the experimental setup may be arranged so that ψ(r 0 , t 0 ) vanishes when r 0 is out of the slit(s), but in general it is unnecessary. For t ≥ t 0 , the state of the particle is
withψ (r, t) = slits ψ(r 0 , t 0 )G(r, t; r 0 , t 0 )dr 0 .
The interference appears since the probability that the diffracted particle is at r is | slits ψ(r 0 , t 0 )G(r, t; r 0 , t 0 )dr 0 | 2 , instead of slits |ψ(r 0 , t 0 )G(r, t; r 0 , t 0 )| 2 dr 0 . The diffraction does not change the uncertainties of position and momentum, as seen from |Ψ(t → t 0 ) → |Ψ(t 0 ) . Depending on ψ(r 0 , t 0 ), the uncertainty of position or momentum can be arbitrary.
For a single-slit diffraction, for instance, only if ψ(r 0 , t 0 ) is confined to the slit, is the order of magnitude of the position uncertainty equal to the size of the slit. On the other hand, these uncertainties have nothing to do with the interaction with the diaphragm.
In Feynman's scheme, we place a light source behind a diaphragm. The particle passing through the diaphragm scatters some light, thus there is a "flash of light" coming from the place where the particle passes. For simplicity and without lose of essence, suppose the scattering just takes place on the slits. Similar to the gamma-ray microscope, the entangled state of the diffracted particle and the light is given by
where |r 0 , θ s represents that the photon at r 0 is scattered toward θ direction, C r0 s (θ) is the corresponding probability amplitude, with |C r0 s (θ)| 2 dθ=1, δp(θ, r 0 ) is the momentum exchange between the particle and the scattered photon. An important point is that the
which-way tag is not one photon, but many photons covering the slits. One may check that
if there is only one photon, the combined state is not an entangled one. By integrating over θ, |Ψ ′ (t 0 ) may be written as
where |r 0 s represents that a scattering takes place at r 0 . Now it is easy to see that scattering with the light does not change the uncertainties of the momentum and position of the particle! After diffraction, the state of the particle becomes
Thus the probability that at time t the diffracted particle is at r is slits |ψ(r 0 , t 0 )G(r, t; r 0 , t 0 )| 2 dr 0 , with the interference effect lost because of the entanglement with the light scattering.
11

VII. ENTANGLEMENT IS NOT LOCAL INTERACTION
After Sixth Solvay conference, Einstein technically accepted the UR in Copenhagen school's version, as indicated in Ref. 18 , which, however, as consistent with the modern view, pointed out that the UR is not restricted to the case of prediction. More importantly, the argument was explicitly based on an entangled system composed of spatially separated parts, clearly a preclude of EPR paper. As we have seen, most of the early gedanken experiments had touched upon entanglement and its role in measurement. However, the entangled degrees of freedom there are local, and often involve mechanical degree of freedom. In EPR experiment, it was finally discovered that the entanglement need not to be local, and that the entangled state may be invariant under the change of basis. The local mechanical disturbance or interaction, which had been the basis of CI, was avoided though not disproved.
Really a revolutionary work. EPR paper is comparable to Einstein's 1905 paper "On the electrodynamics of moving bodies". With its ontological version of uncertainty relation as the hard core, CI thought that physical quantities, as "classical concepts", because of the "finite and uncontrollable interaction between the objects and the measuring instrument", may not have accurate values at the same time, and thus may not be used simultaneously, but they are all necessary since "all experience must ultimately be expressed in terms of classical concepts" 5 . Such a situation was coined as "complementarity". It can be seen that CI has a feature that it does not try to solve the problem in an entirely scientific way, but stands out of science to define the limitation of science itself. Indeed, it was thought that it is not the "classical concept", but the "classical concept of explanation", that has to be revised, and "a complete elucidation of one and the same object may require diverse points of view which defy a unique description" 5 .
In the above quote of Bohr, the last sentences italicized by me may well be regarded as a sophistry of refusing further scientific investigation. In addition to its actual inability to 13 extend its conception of "finite and uncontrollable interaction between the objects and the measuring instruments" to the case with nonlocal entanglement, another indication of its inconsistency and being nonscientific is that the distinction between classical and quantum regime is considered as "largely a matter of convenience" 11 .
Through the re-examination of the early gedanken experiments, what we achieved is that the hard core or basis of Copenhagen interpretation is shown to be invalid. Of course, as any interpretation should do, CI refers to some correct facts such as the mutual exclusion of experimental procedures for two noncommuting observables, and those for interference or which-way information, of which, however, there are no better description than quantum mechanics itself, and actually there is nothing mysterious which need a so-called "complementarity principle"; By definition, to obtain which-way information automatically implies the loss of interference. Furthermore, such mutual exclusion is not the essence of CI; in CI, the complementarity principle emphasizes on the new attitude toward "classical concepts", and embeds the whole ideas of CI, it was even unscientifically extended to become an empty word denying various conflicts in any field. Bell criticized: "By 'complementarity' he meant, it seems to me, the reverse: contradictoriness." 19 In conclusion, there is no need to preserve a concept or principle of "complementarity " at all.
VIII. MORE COMMENTS
CI originated in understanding UR and gamma ray microscope experiment in terms of "uncontrollable interaction between the objects and measuring instrument", i.e. by confusing entanglement with a local interaction. To be consistent, the object is quantum, while the instrument has to be classical, then the border between the quantum and classical has to be somewhat arbitrary or trick. In order to claim this obvious absurdity to be reasonable, it was then argued that it is the "concept of explanation" that has to be changed. Thus these ideas were domino effect-like chain consequences of its mis-conception of UR. EPR's revolution, which avoided the spurious "disturbance", could be a chance for reflection. But
Bohr insisted on the original ideas while trying to include EPR experiment into his previous conception. It is a wonder whether Bohr was aware of the irrelevance of most of his discussions with EPR paper; if this problem had been considered seriously, the difference between a local disturbance or interaction with the entanglement could be recognized. Bohr was trying to say that EPR's concept of reality is too limited 20 , with the presupposition that the completeness of quantum mechanics could not be questioned. But actually he did not make any explanation for it. In fact, such a possible way out had been pointed out by EPR themselves:
"One could object to this conclusion on the grounds that our criterion of reality is not sufficiently restrictive. Indeed, one would not arrive at our conclusion if one insisted that two or more physical quantities can be regarded as simultaneous elements of reality only when they can be simultaneously measured or predicted (EPR emphasis). On this point of view, since either one or the other, but not both simultaneously, of the quantities P and Q (of the second system) can be predicted, they are not simultaneously real. This makes the reality of P and Q depend upon the process of measurement carried out on the first system, which does not disturb the second system in any way."
Of course, EPR thought "no reasonable definition of reality could be expected to permit this". and measuring instruments", and that of a necessary and arbitrary distinction between the object and measuring instruments, and thus of the classical and quantum regimes of the reality. By this trick arbitrariness, scientific investigation on this border was cleverly avoided.
Alternatively, Pauli set the division between object and measuring instrument at the gate of mind, clearly related to his becoming religious and his interest in psychoanalysis. The subjectivity may also be related to the illusive "freedom of choice" of experimental setup for mutually exclusive phenomena, attaching subjectivity to measurement, with the objectivity of setup neglected. "Complementarity" was shallowly "applied" to all areas of science and human activity.
The reason why Copenhagen interpretation of quantum mechanics became "the orthodoxy", and the rumor that "Einstein was wrong, Bohr was right" was widely spread is perhaps related to the correctness and power of quantum mechanics and that Einstein had suspected the UR (in Copenhagen school's version) before focusing on the completeness problem. There are also social and psychological reasons. For example, Copenhagen school has great influence on physics community, while Einstein and another "diehard", Schrödinger were out of the mainstream ever since the birth of quantum mechanics. In this regard, CI let people feel easy to develop physics by applying quantum mechanics. But CI also harmed the study on foundations of quantum mechanics. For instance, decoherence could otherwise have been studied in the early days 23 . A phenomenon reminding the story of the emperor's new clothes is that many physicists and philosophers tried hard to understand Bohr's obscure word in the von Weizäcker's way depicted by Beller; they even thought too much which was believed to be in Bohr's mind though not expressed well by himself.
Everyone believes that quantum mechanics is right. The problem is why, to which
Einstein took a scientific approach, which stimulates further scientific study, while Bohr took a nonscientific one, which dismisses scientific inquiries and encourages postmodern philosophy. For scientists, a scientific way is better no matter whether its every detail is right. The modern research on foundations of quantum mechanics is largely based on the work of EPR and Schrödinger. Although we are still not far away from EPR, the most important thing is to go on the right way of taking a objective worldview, which is the very basis for science to exist. Another lesson is the necessity of mathematics in expressing physics: the UR was derived from the correct quantum mechanics, but Bohr simply would discuss "physics" by only using Planck and de Broglie relations, because he thought that "mathematics clarity had in itself no virtue" and "a complete physical explanation should absolutely precede the mathematical formulation" 24, 7 . Such a view has been shown to be obsolete by the development of theoretical physics of this century.
Let us make our farewell to the Copenhagen interpretation.
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